Abstract-We enlarged the uniconazole (UNI) molecule to find a specific inhibitor of abscisic acid (ABA) 8'-hydroxylase, and synthesized various UNI derivatives that were substituted with hydrophilic and hydrophobic groups at the 4-chlorine of the phenyl group of UNI using click chemistry. Considering its potency in ABA 8'-hydroxylase inhibition, its small effect on seedling growth, and its ease of application, UT4, the UNI derivative containing the C 4 alkyltriazole, was the best candidate for a highly selective inhibitor of ABA 8'-hydroxylase. 3 Abscisic acid (ABA) is a plant hormone involved in stress tolerance, stomatal closure, seed dormancy, and other physiological events. [1] [2] [3] [4] The endogenous levels of ABA in plants are cooperatively controlled by biosynthesis, transportation, and catabolic inactivation in response to environmental changes. 1-4 A natural or artificial chemical that perturbs this highly controlled system is promising not only as a chemical probe for the mechanism of ABA action, 5 but also because of its potential use in agriculture and horticulture. Although ABA is registered as a farm chemical (plant growth regulator), its practical use has been limited mainly due to its weak effect in field trials, 6 which is considered to be due to its rapid inactivation through biodegradation. Catabolic inactivation of ABA is mainly controlled by ABA 8'-hydroxylase, which is the cytochrome P450 catalyzing the C8'-hydroxylation of ABA into 8'-hydroxy-ABA and its more stable tautomer, phaseic acid, which has much lower hormonal activity than ABA (Figure 1 Azole-type P450 inhibitors including UNI bind to the target P450 active site by both coordinating to the heme-iron atom and interacting with surrounding protein residues. Because heme coordination is a common property of azole-containing inhibitors, their affinity and specificity for individual P450 enzymes depend on structural properties other than the azole group. UNI may be small and flexible enough to embed itself into the various substrate-binding pockets. This led us to the possibility that enlarging or conformationally freezing the UNI molecule would result in a narrow inhibition spectrum. For this research, we focused on enlarging the molecule.
biosynthesis
24,25 and alters the level of other plant hormones, such as auxins, cytokinins, and ethylene. 26 Thus, we cannot use UNI in expectation of only inhibiting ABA catabolism, in spite of its strong effect on ABA levels.
Azole-type P450 inhibitors including UNI bind to the target P450 active site by both coordinating to the heme-iron atom and interacting with surrounding protein residues. Because heme coordination is a common property of azole-containing inhibitors, their affinity and specificity for individual P450 enzymes depend on structural properties other than the azole group. UNI may be small and flexible enough to embed itself into the various substrate-binding pockets. This led us to the possibility that enlarging or conformationally freezing the UNI molecule would result in a narrow inhibition spectrum. For this research, we focused on enlarging the molecule.
Although the crystal structures of P450s indicate an overall similarity in structural folding in spite of limited sequence identity, regions responsible for substrate binding differ substantially.
These regions correspond to the substrate recognition sites, SRS1-6. 27 In particular, SRS1-3 and 6, which are far from the heme in the active site, are structurally quite variable and are involved significantly in substrate specificity. In the case of UNI, the portion of the molecule far from the triazole interacting with the heme is the 4-chlorine of the phenyl ring, which might interact with SRS1-3 and 6. Thus, we selected C4 of the phenyl in UNI as a scaffold for enlarging the UNI molecule. This paper describes the synthesis, CYP707A-inhibitory properties and biological activities of the enlarged UNI analogues, UT.
We used click chemistry 28 , by which a variety of compounds are easily prepared, to enlarge the UNI molecule. A known compound 1 (a racemic mixture) was synthesized by a slightly modified method of Funaki et al. 19, 29 and Hallahan et al. 30 The azidation reaction 30 of 1 gave the azide 2 to be used in a click reaction 31 with commercially available acetylene compounds, which have linear alkyl chains including three alcohols and an acid, to give 11 kinds of UT (4A, 1H, 2H, 4H, 3, 4, 7, 9, 11, 13, and 15) as racemic compounds (Scheme 1). 32 The click reactions were performed with sodium ascorbate and CuSO 4 in THF. Although most click reactions between azide and acetylene derivatives quantitatively produce only one coupling product, the reactions using 2 gave at least three products, including UT, the main one. Although the structure of byproducts was not established, NMR analysis indicated that the conjugated system of 2 was involved in the side reaction. All of the racemic UT compounds were isolated using preparative-scale HPLC before conducting enzyme and biological assays.
Inhibitory activity against ABA 8'-hydroxylase (CYP707A) was examined using recombinant Arabidopsis CYP707A3 coexpressed with Arabidopsis P450 reductase (AR2) in E. coli. 33 The activity was evaluated based on the decrease of the enzyme product, phaseic acid, caused by addition of a test compound at a concentration two times higher (10 μM) than the substrate
S-ABA (5 μM).
34 The alkyl-type UT, except for the longest-chain UT15, exhibited high inhibitory activity (greater than 90%), which was equivalent to that of S-UNI (Table 1) . The mode of inhibition of UT4 was determined to be competitive by plotting the reaction velocities in the presence and absence of inhibitor on a double-reciprocal plot; the inhibition constant (K I ) was 195 nM. Although this is larger than the value for S-UNI (10 nM), UT4 has strong affinity to the active site of ABA 8'-hydroxylase, considering that the K M value for (+)-ABA was 3.4
μM under the same experimental conditions. The alcohol-types UT1H, UT2H, and UT4H were also effective (75-85% inhibition) but were less potent than the alkyl-types. The acid-type UT4A was much less effective than the alcohol-types. These results suggest the following: (1) linear elongation at C4 of the phenyl in UNI is generally not crucial to binding to the active site of ABA 8'-hydroxylase; (2) the protic group in the elongated portion of the molecule may have a negative effect on binding to the enzyme, and (3) there is an upper limit to the length and hydrophobicity of the elongated portion that allows binding to the enzyme.
The alkyl-types of UT are highly hydrophobic; UT7-15 had an especially high estimated log P value (> 5) (Table 1) . Compounds with very high log P value are too poorly water soluble. In fact, UT7-15 did not dissolve in water, although it dissolved in the buffer used in the enzyme assay. These compounds are not practical to use as a plant regulator although they may be useful as chemical probes for in vitro enzymatic studies. Thus, only the UT compounds with a log P value < 4 were assayed for rice seedling arrest. 35 The acid-and alcohol-types of UT were not effective even at 100 μM, whereas the alkyl-types showed a significant effect at a concentration greater than 30 μM (Figure 2 ). These results suggest that elongation at C4 of the phenyl in UNI depresses the affinity to enzymes involved in seedling growth; the hydrophilic substitution is especially crucial.
Considering its potency in ABA 8'-hydroxylase inhibition, its small effect on seedling growth, and its ease of application, UT4 was the best candidate for a highly selective inhibitor of ABA 8'-hydroxylase. To test the effect of UT4 on drought tolerance, 90-day-old apple seedlings were sprayed with an aqueous solution containing UT4 at concentrations of 10, 50, and 100 μM for cultivar Akitabeniakari ( Figure 3 ) and 10 μM for Fuji ( Figure 4 ). 36 The UT4-sprayed seedlings
showed drought tolerance at all tested concentrations. Although UNI showed a similar effect, browning of Akitabeniakari leaves was observed at 100 μM. This side effect, which may be caused by inhibition of other enzymes including P450s, was never observed at 100 μM UT4
treatment. This result suggests that UT4 functions as a more selective inhibitor of ABA 8'-hydroxylase than UNI. In this research, we used racemic UT compounds. In the case of UNI, the S-enantiomer are effective in plants, whereas the R-enantiomer are ineffective in plants but act as fungicides. 37, 38 Therefore, the activity of racemic UT compounds in present assays may have been caused by the S-enantiomers. We plan to prepare optically pure UT compounds to verify whether UT has the same trend observed for UNI. 32. To a stirred solution of 2 (20 mg, 67 μmol) and alkyne (67 μmol) in THF (10 mL) was added aqueous CuSO 4 (100 mM, 10 mL) and aqueous sodium ascorbate (100 mM, 10 mL) at room temperature. The mixture was stirred for 1 h before extraction with EtOAc (30 mL × 3).
The organic layer was washed with brine, dried over Na 2 SO 4 , and concentrated in vacuo. After filtering through a 0. 33. A truncated Arabidopsis CYP707A3 (707A3d28), which lacked the putative membrane-spanning segment of the N-terminus (residues 3-28) was constructed. Cells of E.
coli strain BL21 were transformed with pCW-CYP707A3d28 and pACYC-AR2 constructs.
Cultures (3 mL) were grown overnight in Luria-Bertani medium supplemented with ampicillin (50 μg mL -1 ) and chloramphenicol (100 μg mL -1 ). Then, 50 mL of Terrific Broth medium supplemented with ampicillin (50 μg mL -1 ), chloramphenicol (100 μg mL -1 ), and aminolevulic acid (0.5 mM) was inoculated with a 0.5-mL aliquot of the overnight culture. The culture was incubated at 37 °C with gentle shaking (225 rpm) until the A 600 reached 0.6 (after 2. 
